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An effective and optimised BSF layer is an important layer in both single junction and multijunction solar
cells. In this work the use of the double layer BSF for top cell with their varied thicknesses is investigated
on GaInP/GaAs DJ solar cell using the computational numerical modelling TCAD tool Silvaco ATLAS. The
detail photo-generation rates are determined. The major modelling stages are described and the
simulation results are validated with published experimental data in order to describe the accuracy of
our results produced. For this optimized cell structure, the maximum Jsc ¼ 17.33 mA/cm2, Voc ¼ 2.66 V,
and ﬁll factor (FF) ¼ 88.67% are obtained under AM1.5G illumination, exhibiting a maximum conversion
efﬁciency of 34.52% (1 sun) and 39.15% (1000 suns).
© 2015 Karabuk University. Production and hosting by Elsevier B.V. This is an open access article under
the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).1. Introduction
In today's world, solar energy is seen as the best alternative to
fossil fuels in order to fulﬁl the ever increasing energy re-
quirements of the people. One device used widely to harness the
free and everlasting solar energy is the solar cell. Solar cell design
started with the simple single junction ones and later moved on
to multijunction cells that are used in space applications and thin
ﬁlm solar cells [1e3]. The chief parameter of the solar cell is its
efﬁciency which was quite low in single junction solar cells. This
limitation is eliminated in multijunction cells with reported efﬁ-
ciency of 40.8 [4e8]. The reason behind such high efﬁciency in
multijunction solar cells is the presence of multiple junction
layers. Due to this there is efﬁcient absorption of solar radiation
giving higher efﬁciency which is not in the case of single junction
cells. Much research has been carried out to improve the efﬁ-
ciency of multijunction solar cells like increasing the junctions of
the cell, inclusion of back surface ﬁeld (BSF) and antireﬂectionbile).
.P. Mishra).
ersity.
d hosting by Elsevier B.V. This is acoating layer [7e9]. An optimised BSF layer not only prevents
carrier recombination but also helps in increasing the efﬁciency
of the solar cell. So the presence of BSF layer is critical for the
performance of the solar cell. As multijunction solar cells have
many layers increasing its complexity, so a detailed computa-
tional simulation is required to understand the mechanism of
each layer.
In this work, we report the design of InGaP/GaAs DJ solar cell
using the double layer top BSF with varied thicknesses and
compare the obtained results with the previously reported
experimental results [10e12], through optimized values of open
circuit voltage (Voc) and short circuit current density (Jsc). The
conversion efﬁciency, short circuit current density and open circuit
voltage are calculated and compared with other well-known solar
cell models.
2. The solar cell modelling
2.1. Device structure
The proposed solar cell structure consists of mainly three layers
- top cell, tunnel junction and the bottom cell. The top and bottom
cell consists of back surface ﬁeld (BSF) layer and window layer. Then open access article under the CC BY-NC-ND license (http://creativecommons.org/
Table 1
Major parameters for the ternary In0.49 Ga0.51P and quaternary In0.5 (Al0.7Ga0.3)0.5P
lattice matched to GaAs materials used in this design [15].
Material GaAs InGaP InAlGaP
Band gap Eg (eV) @300 K 1.42 1.9 2.3
Lattice constant a (Å) 5.65 5.65 5.65
Permittivity ð2 s/2 o) 13.1 11.6 11.7
Afﬁnity (eV) 4.07 4.16 4.2
Heavy e effective mass (me*/m0) 0.063 3 2.85
Heavy h þ effective mass (mh*/m0) 0.5 0.64 0.64
e mobility MUN (cm2/V  s) 8800 1945 2150
h þ mobility MUP (cm2/V  s) 400 141 141
e density of states NC (cm3) 4.7eþ17 1.30eþ20 1.20eþ20
h þ density of states NV (cm3) 7.0eþ18 1.28eþ19 1.28eþ19
Lifetime (el) (s) 1.00e09 1.00e09 1.00e09
Lifetime (ho) (s) 2.00e08 1.00e09 1.00e09
ni (per cc) 2.12eþ06 7.43eþ04 1
Vsatn (cm/s) 7.70eþ06 1.00eþ06 1.00eþ06
Vsatp (cm/s) 7.70eþ06 1.00eþ06 1.00eþ06
Fig. 1. Schematic diagram of the cell.
Fig. 2. Variation of current density with the new top BSF thickness.
Fig. 3. Variation of open circuit voltage with the new top BSF thickness.
Fig. 4. Variation of efﬁciency with the new top BSF thickness.
Table 2
The different parameters of single GaInP cell with single and double BSF layer.
Parameters of the cell With one BSF With double BSF
Voc (V) 1.50 1.50
Jsc (mA/cm2) 15.30 16.79
FF (%) 90.36 90.25
Efﬁciency (%) 19.93 21.85
Table 3
The different parameters obtained by varying the thickness of new top BSF layer
with InAlGaP BSF and 1000 suns.
New top BSF
width (nm)
Jsc
(mA/cm2)
Voc
(V)
Pm
(mW/cm2)
Vm
(V)
Im
(mA/cm2)
FF
(%)
h
(%)
00 1.61e-08 2.66 3.83e08 2.46 1.56e-08 89.50 36.68
10 1.66e-08 2.66 3.95e08 2.45 1.61e 08 89.02 37.74
20 1.72e-08 2.66 4.04e-08 2.44 1.66e 08 88.28 38.67
30 1.73e-08 2.66 4.09e-08 2.44 1.68e-08 88.67 39.15
40 1.70e-08 2.66 4.08e-08 2.45 1.66e-08 89.72 39.00
50 1.68e-08 2.66 4.04e-08 2.47 1.63e-08 90.25 38.61
100 1.55e-08 2.66 3.78e-08 2.50 1.51e-08 91.32 36.12
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Fig. 5. ATLAS model of this InGaP/GaAs DJ Cell.
Fig. 6. Mesh structure of the model.
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which allows maximum solar radiation to enter the device [13].
The materials for the top cell, tunnel junction and bottom cell are
selected such that the band-gap of top cell is the highest followed
by the tunnel junction and bottom cell. The purpose of doing so is
that as the top cell band-gap is the highest, it absorbs the shortest
wavelengths of the solar radiation. Between the top and bottomcell the tunnel junction is provided to avoid the performance
reduction of the multijunction solar cells. The tunnel junctions
must be transparent to wavelengths absorbed by the next
photovoltaic cell. Finally the bottom cell having the lowest band-
gap value absorbs the longest solar radiation wavelengths. So in
this way there is efﬁcient absorption of solar radiation. One of the
striking features of these multijunction solar cells is the presence
Fig. 7. Doping proﬁle of the model.
P.P. Nayak et al. / Engineering Science and Technology, an International Journal 18 (2015) 325e335328of tunnel junction that provides a low resistance path for the
charge carriers to ﬂow [14]. Hence it increases the efﬁciency of the
multijunction solar cell. Apart from this, the BSF layer which is our
interest is an important layer in the solar cell structure that pre-
vents recombination of charge carriers by repelling them back to
the p-n junction [14].
A detailed set of major material parameters shown in Table 1
used in our design has been produced by literature research and
calculations as well as calibration fromwelleknown cells [15,16]. AFig. 8. An AM1.5G spectrum useschematic of the proposed solar cell model containing double
top BSF layer with detailed thickness and doping proﬁle is given in
Fig. 1.
2.2. BSF layer
An effective BSF layer is an important element used to achieve
high efﬁciency in a solar cell. These layers apply to IIIeV single-
junction or tandem solar cells. The key feature of the BSF layer isd to illuminate the model.
Fig. 9. Photo-generation Rate generated in the model.
Fig. 10. Detailed photo-generation rate of different layers.
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retain themwithin the extent of the p/n junctionwithout increasing
the series resistance of the device. Another interesting property of
the BSF layer is its photon conﬁnement capabilities. In some early
works the signiﬁcant improvement inGaAs solar cellswithBSF layer
have already been reported [17e19]. In early 90's Wojtczuk et al.
reported InGaP cell with AlGaAs BSF [20]. This combination resulted
lower photocurrent because of high interface recombination
velocity between the AlGaAs layer and the InGaP emitter. InGaP is a
very popular material used as the top cell in tandem solar cells
because, it is a high-band gap semiconductor and lattice-matched toGaAs and Ge. InGaP can also be replaced by AlGaAs. But AlGaAs is
more sensitive to oxygen and water contamination. With the above
ﬁndings we have chosen the combination InGaP/InAlGaP as the top
cell and BSF layer for the present design.2.3. Structure simulation
The device simulator ATLAS of Silvaco TCAD efﬁciently simu-
lates the behaviour of semiconductor devices. In this work,
design and simulation of the structure is done using the ATLAS
tool and the results are compared with the existing work. For the
calculation of the cell structure, ATLAS solves different models
like the drift-diffusion transport model and the energy balance
transport model. For the calculation of recombination and carrier
mobility it also uses different physics models. Such as to model
the doping-dependent low-ﬁeld mobilities of holes and elec-
trons, it uses the Concentration-Dependent Low Field Mobility
(CONMOB) model and for the recombination it uses the Optical
Recombination (OPTR) and the Shockley- Read-Hall (SRH)
recombination models. Another module of ATLAS is LUMINOUS,
which determines the photo-generation at each mesh point of
the generated structure.3. Major parameters of the solar cell
The major parameters of the solar cell are the total current
(Itotal), open circuit voltage (Voc), ﬁll factor (FF) and conversion ef-
ﬁciency (h) which are given as [21]
Itotal ¼ I0
h
exp
 qv
nKT

 1
i
 IL (1)
Where IL is the light generated current
Fig. 11. Optical intensity of different layers.
Fig. 12. Potential developed in diferent layers.
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nKT
q
ln

IL
I
þ 1

(2)0
FF ¼ VOC  LnðVOC þ 0:72Þ
VOC þ 1
(3)h ¼ VOCISCFF
Pin
(4)
In order to add a new BSF layer, the most critical task is to ﬁnd
its optimized thickness. The short circuit current density (Jsc), open
circuit voltage (Voc) and the efﬁciency (h) as a function of the new
BSF layer thickness present in the top cell must be studied. The
detail study of the above is given in Figs. 2e4 respectively. First a
Fig. 13. Electric ﬁeld developed in diferent layers.
Fig. 14. Electric ﬁeld across junction.
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results are shown in Table 2. Then the multijunction model is
studied and different parameters are obtained by varying the new
top BSF thickness is given in the Table 3.
From the above three graphs regarding the new BSF thick-
ness, the proposed solar cell was implemented in SILVACO TCAD
to obtain the important parameters like Voc, Jsc, FF and
efﬁciency.4. Simulation results
The various simulation results of the above model are shown in
the ﬁgs. 5e19. Fig. 5 shows the structure and Figs. 6 and 7 shows
meshing and doping proﬁle of various layers of the prosposed solar
cell. Meshing is made ﬁner at the junctions, inorder to obtain ac-
curate results. The spectrum of the used AM1.5G is shown in Fig. 8.
Fig. 9 illustrates the photo-generation rate. The legend within
the ﬁgure deﬁnes the solar cell's photo generation rates. The photo-
Fig. 15. Cutline showing maximum electric ﬁeld at the junction region.
P.P. Nayak et al. / Engineering Science and Technology, an International Journal 18 (2015) 325e335332generation rate is one of the important parameters in determining
efﬁciency of the solar cell by displaying the photons generated in
various layers of the multijunction solar cell. From Fig. 10 it is clear
that photogeneration rate is maximum at the surface and gradually
decreases from top layers to bottom.
The optical intensity of different layers is shown in the Fig. 11,
which is different for different layers for incident irradiation. In this
model the top InGaP cell with a band-gap of 1.9 eV is used to absorb
photons in ultraviolet and visible part of the spectrum, whereasFig. 16. Top cell spebottom GaAs cell of 1.42 eV band-gap is used for absorbing photons
near infrared region of the solar spectrum.
The potential developed in each layer of the cell is shown in
Fig. 12. Most of the potential drop occurs across the depletion
region of the P-N junction. This is because of the presence of the
built-in potential developed during formation of P-N junction
[14].
As the entire voltage drop appears across the junction due to
built in potential, so the electric ﬁeld is generally maximum at thectral response.
Fig. 17. Bottom cell spectral response.
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various layers of the modelled solar cell. The ﬁeld is more clearly
shownwith an enlarged junction region in Fig. 14. Fig. 15 represents
the cut-line across the junction region showing the electric ﬁeld
developed.
Another important parameter that gives idea about the photon
absorption is the spectral response comprising of source photo-
current, available photocurrent and cathode current. The source
photocurrent gives the measure of the rate of photons incident on
the solar cell whereas the available photocurrent gives the measure
of the photo-absorption rate [22]. Figs. 16 and 17 shows the spectral
response of top and bottom cell respectively.Fig. 18. Power curveThe Power curve generated and I-V characteristics for the model
are shown in Figs. 18 and 19 respectively.
The external quantum efﬁciency of the top and bottom cell of
the proposed model is shown in Figs. 20 and 21. From the ﬁgures it
is clearly shown that the top cell absorbs the photons for the
wavelength less than 610 nm, whereas the bottom cell absorbs for
the wavelength between 500 and 900 nm (see Fig. 21).
5. Comparison of results with existing data
From this virtually fabricated multijunction model, it is
observed that the results obtained are similar to those published inof the model.
Fig. 19. : I-V characteristics of the model
Fig. 20. EQE of the top cell. Fig. 21. EQE of the botom cell.
Table 4
Comparison of proposed model with the different optimized InGaP/GaAs DJ solar
cell structures for spectrum AM 1.5G.
Solar cells Sun Voc
(V)
Jsc
(mA/cm2)
FF
(%)
h
(%)
Ref. [23] 1 2.32 1.090e-10 79.00 23.6
P.P. Nayak et al. / Engineering Science and Technology, an International Journal 18 (2015) 325e335334ref. [10e12]. The results compared favourably with corresponding
experimental and theoretical data for similar devices using the
same parameters. Minor differences are only due to the variations
in the material and optical parameters used. Table .4 shows the
various comparisons of this optimized design with other previous
ﬁndings.(Lueck et al.)
Ref. [24]
(J. W. Leem et al.)
1 2.30 1.060e-10 87.55 25.14
Ref. [21]
(K. J. Singh and S. K. Sarkar)
1000 2.66 1.609e-08 89.50 36.678
This model 1000 2.66 1.733e-08 88.67 39.156. Conclusion
In this design, it has been found that the inclusion of a double
layer BSF has improved the performance of InGaP/GaAs DJ solar cell
due to a better collection of photo-generated minority carriers. The
efﬁciency has been optimised by changing the thicknesses of the
top layer BSF. The optimized BSF material In0.5 (Al0.7 Ga0.3)0.5P lat-
tice matched with InGaP & GaAs, results in Jsc ¼ 17.33 mA/cm2,
Voc ¼ 2.66 V with signiﬁcant enhancement in conversion efﬁciency
up to 39.15% (1000 suns) and 34.52% (1sun).References
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